We investigated the genetic variability within and between cattle breeds. The polymorphisms of 17 microsatellites were studied in 220 unrelated animals belonging to four Italian beef cattle breeds (Chianina, Marchigiana, Romagnola, and Piemontese). Variations of allelic frequencies were examined to characterize the breeds and their relationships.
Introduction
Since the discovery of dinucleotide repeats in a variety of eukaryotic species (Hamada et al., 1982; Tautz, 1989) , PCR studies of microsatellite polymorphism (Litt and Luty, 1989; Weber and May, 1989) have revolutionized the construction of genetic maps (Dietrich et al., 1992; Bishop et al., 1994; Rohrer et al., 1994) . Microsatellites, which are numerous markers, well dispersed in the genome and highly polymorphic, have been shown to be appropriate tools to detect linkage between markers and genes controlling productive, disease, or morphological traits (Georges et al., 1993b) . Not only are these markers useful for genome mapping, but they can also be used in animal breeding, for example in identification of animals, parentage determination, or evaluation of genetic resources. The use of microsatellites in population genetics has so far been mainly reported in human populations (Edwards et al., 1992) . The application for characterizing breeds of domestic animals is still a relatively new issue, and only recently has research focused on this point (Machugh et al., 1994) . There is a considerable potential for using such polymorphic tools in this kind of analysis. In this paper, we use a relatively large number ( 1 7 ) of highly polymorphic microsatellites to study four Italian cattle breeds used for meat production, which have already been studied using "classical" genetic polymorphisms (Astolfi et al., 1983) .
Most of the statistical procedures used for such data analyses are based on the variations of allelic frequencies among populations; they also rely on some basic assumptions regarding the genetic structure of the analyzed populations.
A recent method developed by Bowcock et al. (1994) and ourselves (Ciampolini, 1994; Ciampolini et al., 1994) , is based on pairwise inter-individual comparisons, which are possible only when many polymorphic markers are available and genotypically detectable, e.g., microsatellites. In this paper, we develop this concept further by considering the individual multilocus genotype of each animal. We have set up a new method to measure the genetic similarity among animals or groups of animals.
Materials and Methods

Animals.
We investigated 220 unrelated animals (in at least three controlled generations) belonging to four Italian beef cattle breeds: Chianina (49), Marchigiana (60), Romagnola (51), and Piemontese (60). Cattle were sampled from several different breeding areas so that a large range of genotypes would be represented. The Piemontese cattle were males, and all others were females.
Genotyping Microsatellites. The DNA was extracted from 20-mL peripheral blood samples as described by Jeanpierre (1987) . After ethanol precipitation, the DNA was washed three times with 70% ethanol, dried under vacuum, and resuspended in TE 10-1. The concentration was adjusted to 200 mg/mL.
Information on the 17 microsatellites investigated is presented in Table 1 . All but one were produced in our laboratory and are (CA) n repeats. Three microsatellites were (CA) n imperfect repeats, and only INRA31 is a (TA) n repeat. They were chosen according to their potential for detecting polymorphisms .
The PCR reactions and procedures to determine genotype were conducted according to the methods of Vaiman et al. (1994) . Allelic sizes were determined using an M13 sequence as a ladder and control samples of known genotypes as reference samples loaded on all gels. The polymorphism of all microsatellites was originally evaluated on a panel of 40 unrelated animals .
Alleles were designated according to PCR product size. Numbers ( 1 to n ) were used to designate the alleles, where 1 and n refer to the largest and smallest alleles observed in the panel, respectively, and ( n − 1 ) are the number of 2-bp intervals separating them. In further studies, when smaller alleles are detected, the designation system is expanded accordingly. There is no difficulty when new alleles whose size corresponds to an unoccupied position between 1 and n (allele not encountered before) are detected, but for new alleles of larger sizes, the system is extended with negative numbers (for example −1). The following notation is used: INRA13 ( 1 ) , for example, means the allele 1 of microsatellite INRA13.
Statistics. Allelic frequencies were estimated by direct counting. Polymorphism information content (PIC) values were calculated as described by Botstein et al. (1980) .
The variation in microsatellites allelic frequencies among breeds was estimated by calculating the Wahlund coefficient ( F st values) (Hartl and Clark, 1989) :
where s 2 p is the variance of the allele frequencies and p the mean frequency of each allele over all populations. This coefficient highlights the most discriminant alleles for each microsatellite.
The hypothesis that each population exhibits Hardy-Weinberg proportions (HWP) was tested using Haldane's exact test (Haldane, 1954 ) with a P-value calculated according to the Monte Carlo algorithm (Guo and Thompson, 1992) . This conditional inference procedure avoids collapsing rare allelic categories that are satisfactory neither from a biological nor a statistical point of view (Hernandez and Weir, 1989) .
Overall heterozygosity excess or deficiency was tested against its HWP value as proposed by Barker et al. (1986) from single degree of freedom chi-square statistic:
where n is the sample size (number of individuals); H = 1 − ; h = observed frequency of heterozygotes ∑ u p u 2 and p u = frequency of allele u. This test is based on the asymptotic distribution of the estimator of the f correlation of genes at a given locus within individuals and populations. For HWP, f = 0; thus this test also provides an asymptotic test for HWP. A significant test with a positive f estimation indicates an observed deficiency of heterozygotes.
Finally, the hypothesis of linkage disequilibrium among some marker loci was assessed using Fisher's exact test for contingency tables (Mehta and Patel, 1953) .
Classical genetic distances were calculated as previously described (Grosclaude et al., 1990) . In addition, a multivariate, centered-data analysis (Lefebvre, 1983) was performed on the allelic frequencies.
Results
Breed-Specific Characteristics of the Polymorphic
Microsatellites in the Study. The 17 bovine microsatellite systems in this study were genotyped on 220 unrelated animals of four different breeds. In Figure 1 several examples of allelic distribution are given for the different breeds, showing a wide variety in the situations between almost bi-allelic systems (IN-RA35) and well-spread numerous alleles (INRA16). Detailed characteristics of the microsatellite systems are presented in Table 2 . One hundred eighty-one alleles were observed, considering the four breeds as a whole. The average number of alleles per microsatellite was 10.59. Gross interbreed differences were highlighted for the number of alleles, the allelic frequencies, and the PIC. For almost all the systems, the Piemontese and Marchigiana breeds exhibited a larger number of alleles than the two other breeds ( ∼8 vs 6.5), and this tendency is even clearer for imperfect microsatellites ( ∼9 vs 5.6).
Compared with previous information collected through the analysis of the panel of 40 unrelated animals, 17 new alleles of larger sizes have been detected in Italian cattle breeds, in eight of the microsatellites used in this study (INRA5, INRA11 ). Altogether, even though this approach identifies globally discriminating alleles, it does not give breed-specific information. Centered data analysis allows for the simultaneous representation of both breeds and microsatellite alleles. The 16 cones (Figure 3 ) highlight the alleles that contribute the most to discriminate the four breeds and are shown in the shading pattern corresponding to the respective breed. In most cases, the same alleles are recognized by both methods.
Some of these typical alleles present high frequencies, such as INRA25 ( 9 ) in the Romagnola (50%). Moreover, we discovered some Piemontese-specific alleles, sometimes with relatively high frequencies (36% for INRA5 [4] , 27% for INRA5 [5] and 20% for INRA16 [10] ). The sum of the frequencies of typical alleles in the Piemontese breed shows an average of 3.4 specific alleles (which are never found in other breeds).
Hardy-Weinberg Proportions and Heterozygosity. In Table 3 , values of the HWP exact test are given; values close to 0 are the most significant. The probability values shown for Haldane's exact test indicate in many cases disequilibrium in relation to HWP. Two microsatellites (INRA25, INRA50) are unbalanced for the four breeds studied. These figures range from eight microsatellites in disequilibrium for at least three breeds, to 10 for two breeds. This demonstrates the particular situation of the Piemon- tese breed, which is characterized by a much larger deviation from HWP.
Results for the test of the "null" hypothesis of heterozygosity at its HWP value are in good agreement with Haldane's exact test, whereas the asymptotics f = 0 test is more conservative. All significant values of f are positive, showing that deviation from HWP results in an overall deficiency of heterozygotes. This deficiency is especially striking in the Piemontese breed and for markers INRA25, INRA50, and (to a lesser extent) INRA13 and INRA72 (Table 3) .
A more detailed picture of the deviation from HWP is provided by testing disequilibrium coefficients for individual alleles: Dij = ( p i p j − .5 P ij ) = 0 for each combination of alleles i ≠ j, as defined in Weir (1990) where P ij is the frequency of genotype A i A j . Positive values of f in multiallelic systems usually result both in positive and negative D ij . However, in most cases studied here, an overall deficiency of heterozygotes was observed. For instance, the calculation for the Piemontese breed gives D 23 = +.093 ( P < .0002) and D 89 = +.087 ( P < .00004) for INRA64 and INRA35, respectively.
Evaluation of Genetic Similarities. Genetic distances have been calculated with classical methods (CavalliSforza, 1969; Nei, 1972; Rogers, 1972; Gregorius, 1974; Nei et al., 1983) and have been used to evaluate interbreed genetic proximity. These distances are related to each other by high correlation coefficients, and the dendrograms (not shown) demonstrate that Marchigiana and Romagnola present the strongest similarity, Chianina occupies an intermediate position, and Piemontese is the most distinct of all four breeds.
Almost the same results for the between-breed distances were obtained with a new approach, which also allows the within-breed variability to be estimated. This method does not use the allelic frequencies of the population but is based on the individual multilocus genotypes.
Each individual was defined by its multilocus genotype (in our case at 17 microsatellite loci) that allows congruous filling of a series of 34 cells for each animal. To evaluate the genetic distance between two individuals either within or between breeds, we calculated the proportion ( P ) of common alleles ( A ) Figure 2 . Plotting of Wahlung coefficients for the 17 microsatellites of the study. Only the number of the microsatellite is presented (for instance 11 for INRA11 or 225 for ETH225). All the alleles are plotted, and the number of the most discriminating is indicated (for instance, allele 4 of INRA5). Wahlund coefficients higher than .15 allow us to observe the 24 alleles that best separate the different breeds. Figure 3 . Centered data analysis of the allelic frequencies for the 17 microsatellites and the four breeds. Representation on three axes explains more than 95% of the total variability. Each solid cone represents a breed and the three coordinates (X, Y, Z) are indicated. The hollow cones are a selection of the most discriminating alleles. The shading patterns of the cones indicate which breed they best separate. For instance, the Marchigiana breed is best characterized by INRA27 (6), INRA72 (10), and INRA11 (1). Clearly, the first axis separates three groups in the breeds (Chianina alone, the subset Marchigiana-Romagnola, and Piemontese alone), the second separates Marchigiana and Romagnola, whereas the third compares these two breeds with other two. in relation to the 2L possibilities ( L = number of considered loci). Genetic similarity is measured by P = A/2L, and the genetic distance is 1 − P. The similarities calculated between each pair of individuals were averaged among individuals of the same breed and between individuals of different breeds. All these results are summarized in Table 4 . Table 4 shows first that average similarities were always higher within a breed than between breeds. Second, the Chianina displayed the highest genetic homogeneity, whereas the Piemontese was the least homogeneous. One possible representation of these data is given in Figure 4 , in which each breed is represented by a sphere of a given shading (the radius of the sphere is proportional to the intrabreed diversity, and distances between centers are proportional to interbreed diversity).
Decomposing the Intrabreed Genetic Variability. Because of the great variability observed among individuals within populations, each breed was divided into two subsets depending on genetic variability. The genetic similarity was evaluated between every pair of individuals, and the averages were calculated for each individual in terms of its similarity with all the other subjects in the same breed. These comparisons allow the individuals of each breed to be split into two subsets, one with a high average genetic similarity with respect to all the subjects in the same breed (HGS group), and one with a low genetic similarity (LGS group). Subjects from the first group tended to be homogeneous (similarity coefficient .35); those from the second group were more different (similarity coefficient .29). All the possible pairwise comparisons were performed between HGS and LGS within and among the different breeds (see Table 4 ). These results show that HGS subjects in the four tested breeds form a nucleus of animals with the highest genetic similarity, whereas the LGS individuals are largely dispersed (see Figure 5 ).
Discussion
The breeds examined have similar morphological and productive characteristics, as their collective name implies (Italian white beef cattle breeds), but their origin and evolution and the areas in which they are raised, divide them into two broad categories: the Piemontese (North Italy), which derives from Bos brachyceros, and the group of breeds from Central Italy, including the Chianina, Romagnola, and Marchigiana, which derive from Bos primigenius. In this latter group, historically the Romagnola and Chianina have been kept quite separate, whereas the Marchigiana have undergone the influence of the other two in alternating cycles. Although microsatellite analyses have been conducted on males in the Piemontese breed and on females in the other breeds, previous analyses did not show any sex-influenced alteration of allelic frequencies for autosomal microsatellite systems (Vaiman, D., personal communication) .
In this study, 17 anonymous microsatellite markers were shown to provide useful tools to analyze the genetic structure of the four populations of selected domestic animals. We demonstrated that pairwise comparisons of multilocus genotypes are a powerful method for evaluating inter-and intrabreed genetic similarities.
Evaluation of Genetic Distances Among the Breeds.
Apart from INRA13−INRA35 and INRA27−INRA16, which are linked at 7 and 45 cM (unpublished results), respectively, the microsatellites of this study were chosen from different chromosomes. This means that the effect of genetic linkage on the allelic distribution can be tested in three cases: different syntenies, close genetic linkage, and loose genetic linkage. No significant distortions in the frequencies or associations between alleles were observed, even between the two closest markers (data not shown). A similar situation has already been described (Georges et al., 1993a) in which a very close genetic linkage (3cM) was detected between a microsatellite and the progressive degenerative myeloencephalopathy (Weaver disease) locus without linkage disequilibrium.
A few general conclusions about the genetic structure of the populations studied can be drawn from the results: 1) Genetic distances between breeds are relatively small and compatible with data from the literature (Astolfi et al., 1983) . 2) Specific breed alleles, particularly in the Piemontese, could be detected, sometimes with high frequencies.
3) The applied statistical analysis showed a closer relationship between the Marchigiana and the Romagnola compared with the other two breeds. This is consistent with the known history of these breeds, which until recently presented some genetic exchanges. On the other hand, the Piemontese breed, which is almost completely isolated from the others, displays a greater genetic distance from the other three breeds.
Interpretation of Hardy-Weinberg Proportions. In many cases significant deviations from the HardyWeinberg proportions have been observed within breeds; in all cases, these deviations are associated with heterozygote deficiencies. Such a high proportion of deviations has not been observed in similar studies conducted in human populations (Edwards et al., 1992) . These deviations are particularly evident for two microsatellites (INRA25 and INRA50) and for all the breeds studied in this work. Furthermore, deviations are more frequent in the Piemontese breed ( 8 cases out of 17) than in the others. There are various possible interpretations for such differences: 1) Sampling of a limited number of subjects could have introduced a bias into the parameter estimates. However, even if this explanation may account for some deviations, it can explain only part of the discrepancies observed. 2) Previous studies have revealed the occurrence of what are improperly called "null" alleles . The presence of such alleles could explain why some heterozygous subjects are falsely genotyped as homozygotes because only one allele is amplified. This explanation is more likely in the cases where all four breeds are concerned. In fact, preliminary experiments performed with INRA25 have clearly shown the presence of a point mutation in the primer ("null" allele) with a frequency globally estimated at .34 for the four breeds (unpublished results); 3) Close association of a microsatellite with a productive trait is likely to increase inbreeding and homozygosity in the vicinity of the locus in the course of a selection process. Such an important effect may represent one of the major causes of disequilibrium, especially in the Piemontese breed, in which bulls are strongly selected before and after performance tests. Moreover, detecting breed specific Hardy-Weinberg deviations might help to select marker loci candidates for linkage analysis between such loci and quantitative trait loci (QTL) (Weller et al., 1990) .
Multilocus Genotypes as New Tools to Evaluate Intra-and Interbreed Genetic
Variability. The genetic similarities within and among breeds are clearly shown by the microsatellite panel and the statistical analyses applied. For animal husbandry applications, the parameters of interest are variations among individuals of the same generation and those that can be expected in the near future. We consider, therefore, that we can go beyond the phylogeny hypotheses by performing comparisons between individual genotypes that take into account all the genetic information obtained for each animal by the microsatellite analysis. This makes it possible to estimate the intrabreed variability so that the genetic similarity (or distance) can be calculated between populations, as well as between two individuals and within one population.
In this study, the definition of multilocus genotypes was used to identify relatively similar bovine populations (according to history and the literature) subjected to selection for the same production traits. A similar, but independent approach was applied to very distant human populations (Bowcock et al., 1994) allowing for the ethnic grouping of the individuals without making preliminary hypotheses.
One surprising issue of the analysis of the intrabreed variability is the conclusion that the most genetically homogeneous animals in each breed are close to the most homogeneous animals of the other breeds, whereas the least homogeneous are separated. One possible interpretation of such a phenomenon is that, because the four breeds were selected for the same production trait, individuals that responded more strongly to the selection programs are genetically similar, irrespective of their breed. A figure such as Figure 5 could in fact represent a nucleus of animals that have responded better to selection. This use of microsatellite polymorphisms, even without previous knowledge of their close linkage to QTL, could be a global and heuristic approach for the identification of the animals with highest genetic merit.
From a statistical point of view, the methodology developed in this paper is basically descriptive. It would be interesting, either via a simulation or an analytical study, to look at these probabilistic properties over repeated sampling. This would help to clarify the genetic interpretation (e.g., effect of genetic drift) of the HGS and LGS concepts proposed in this study.
Implications
For animal breeding and for preservation of natural resources, this approach for using microsatellite variation has the following advantages: 1 ) the use of multilocus genotype based on a congruous number of microsatellites may be a very efficient technique for studying the genetic similarities between and within breeds; 2 ) a breed can be subdivided into subpopulations that are genomically homogeneous, and these can be tested for morphological or functional differences; 3 ) the intragroup genetic similarity can be calculated without dividing a priori the group in subpopulations; 4 ) there is no need to make a priori hypotheses about the population structure, because genetic similarities can be obtained by direct counting of the microsatellite alleles; and 5 ) distances can be evaluated even after the genotypes of only two animals have been determined.
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